Protein-substrate recognition is highly dynamic and complex process in nature. A key approach in deciphering the mechanism underlying the recognition process is to capture the kinetic process of substrate in its act of binding to its designated protein cavity. Towards this end, microsecond long atomistic molecular dynamics (MD) simulation has recently emerged as a popular method of choice, due its ability to record these events at high spatial and temporal resolution. However, success in this approach comes at an exorbitant computational cost. Here we demonstrate that coarse grained models of protein, when systematically optimised to maintain its tertiary fold, can capture the complete process of spontaneous protein-ligand binding from bulk media to cavity, within orders of magnitude shorter wall clock time compared to that of all-atom MD simulations. The simulated and crystallographic binding pose are in excellent agreement. We find that the exhaustive sampling of ligand exploration in protein and solvent, harnessed by coarse-grained simulation at a frugal computational cost, in combination with Markov state modelling, leads to clearer mechanistic insights and discovery of novel recognition pathways. The result is successfully validated against three popular protein-ligand systems. Overall, the approach provides an affordable and 1 attractive alternative of all-atom simulation and promises a way-forward for replacing traditional docking based small molecule discovery by high-throughput coarse-grained simulation for searching potential binding site and allosteric sites. This also provides practical avenues for first-hand exploration of bio-molecular recognition processes in large-scale biological systems, otherwise inaccessible in all-atom simulations.
Introduction
Protein-ligand binding involves complex recognition process. 1 Precise knowledge of the underlying dynamical recognition pathway can potentially pave the way for direct elucidation of underlying mechanism. 2 Towards this end, all-atom molecular dynamics (MD) simulation has lately emerged as the method of choice, thanks to its proven ability to capture the act of the ligand spontaneously binding to its designated protein cavity at atomic resolution and in real time. 3, 4 In this communication, we demonstrate that, coarse-grained models, 5,6 when systematically improvised, can offer an attractive and inexpensive alternative of all-atom simulation towards complete capture of protein-ligand binding events, from solvent to protein cavity. This is achieved within a significantly shorter wall clock time compared to that of all-atom MD simulations.
Over the last few years, multiple independent investigations 3,4,7-11 on complex systems have demonstrated that all atom molecular dynamics simulations can predict the complete biomolecular recognition process in multi-microsecond long time scale, where the ligand, initially placed in bulk solvent, spontaneously diffuses through the solvent to the protein and eventually finds and binds its designated protein cavity. The trajectories of these all atom simulations have remained very useful in revealing crucial rate-limiting processes, namely transient helix-gate opening 8 or ligand-induced cavity opening, 9 which act as precursor to the eventual binding event. However, these all-atom MD simulations of protein-ligand recognition processes are always associated with a prohibitively large computational expenses, because of the large system sizes and requirements of long time scale simulations. More over, 2 the stochastic nature of these processes also requires one to perform these time-intensive processes multiple times, which adds to the overall computational expense. While there has been recent surge in the usage of adaptively sampled short time scale trajectories to infer the long time scale binding event within the framework of Markov state models, 10, 12 the requirement of the large number of simulation trajectories (towards realising Markovian criterion) has not helped in reducing the computational burden. This prompted us to explore the possibility of a practical alternative which can capture the full process of protein-ligand binding at a reasonable resolution but at the cost of a frugal computational expense.
On the other hand, a reduced representation of the biologically relevant system and solvent that retains the essential molecular aspects for the system of interest, enables faster sampling due to reduced degrees of freedom. In this spirit, coarse-grained (CG) models of biomolecules have been around the corner for a while now. 5, 6 The usage of CG models in a variety of simulation techniques has proven to be a powerful tool to probe the spatial and temporal evolution of systems, beyond what is feasible with traditional all-atom models. This has seen the application of coarse-grained models in exploring multiple disciplines of biological processes: exploring lipid membrane properties, 13, 14 protein-lipid interactions and antimicrobial activities, 15, 16 membrane protein oligomerization, 17, 18 surfactant, 19 peptide and protein self-assembly, 20-22 membrane fusion, 23,24 structural dynamics of polymers etc. Recently, coarse-grained models are also being extended to study ribosome dynamics 25 and various protein-DNA transient complexes. [26] [27] [28] Motivated by these success stories of coarsegrained models, we speculated if coarse-grained models of proteins and small molecules can be put into play to substitute computationally expensive all-atom simulations for capturing protein-ligand recognition process on the fly. In this work, by building on popular MAR-TINI 6,29-31 coarse-grained frame-work, we report that while its vanilla implementation on protein-ligand system might fail to capture the binding event, judicious optimization of elastic network 32 in MARTINI protein model enable the simulation of the spontaneous binding process of ligand to the designated cavity at crystallographically identical pose. 
Results and Discussion
In this work we have considered three prototypical protein-ligand systems as shown in Figure 1, namely : a) trypsin recognizing benzamidine as a ligand, b) benzene binding to L99A mutant of T4 Lysozyme and c) camphor binding to cytochrome P450 in its heme active site.
All three systems have remained the subject of prior experimental investigations [33] [34] [35] and allatom simulations 7-9 and hence would serve as suitable benchmark to verify the ability of the coarse-grained simulations to mimic the recognition process. More over, these three systems also offer a set of diversity in their traits of recognition process: Trypsin/benzamidine system presents a solvent-accessible ligand binding site, 7,33 while cytochrome P450/camphor 9, 34 system demonstrates a deeply buried or solvent-inaccessible active site for substrate recognition. Finally, the process of benzene recognising a cavity in L99A mutant T4 Lysozyme has recently been found to follow multiple pathways. 8, 36 All these diversities in three system pose suitable challenges for a coarse-grained approach to succeed.
We first attempted routine implementation of MARTINI mapping of these three proteins. The coarse-grained parameters for the ligand molecule are also individually optimised by fitting bonded interactions with all-atom simulation and using analogous MARTINI atom- types(see figure S1 and S2 and methods in SI). On the other hand, all-atom protein model is first coarse-grained using 4:1 mapping and the parameters of bond-connectivities are imposed as per the secondary structure of the protein sequence and MARTINI atom-types. 30 However, all our initial attempts in simulating the ligand diffusion through the protein and solvent and eventually capturing the act of ligand getting to the cavity were futile, even though the ligand came closer to the protein cavity at a number of occasions. A closer inspection of these unsuccessful trajectories revealed that the MARTINI model, in its regular implementation, fails to maintain the three-dimensional fold or tertiary structure of the protein. More importantly, as represented in movie S1 of apo protein of trypsin and in the 5 time profile of root mean squared deviation (RMSD) from the crystal structure (figure S3), the binding cavity of trypsin, in its coarse-grained description, occasionally gets occluded and fails to accommodate the incoming ligand.
The observation that the regular implementation of the MARTINI coarse-grained approach does not allow for capturing protein-ligand binding process, implied that an optimisation of MARTINI framework is necessary so as to maintain the tertiary fold of the protein.
Accordingly, we introduced elastic network among the backbone beads of the protein model, in accordance with Periole and coworkers 32 and subsequently optimised the coarse-grained model. Specifically, we optimised two parameters pertaining to elastic network, namely force constant (K f ) and cut-off length (R c ) (see figure 2 ) via iterative comparison with RMSD of all-atom model of the apo form of the proteins. Figure 2 B-C shows that a combination of R c =0.9 nm and K f =500 kJ/mol/nm 2 furnishes a reasonable match in the protein RMSD between the all-atom and coarse-grained model for trypsin. The root mean squared fluctuations (RMSF) of the residues of the apo-proteins obtained from all-atom models were also found to be in agreement with the coarse-grained model with optimised elastic networks (see figure 2D ).
Subsequently, we modelled trypsin using elastic network corresponding to these optimised parameters and simulated the diffusion of benzamidine molecule (separately coarsegrained, as described in SI method and figure S1) in the aqueous solution of the trypsin. SI Movie S2 demonstrates a representative simulation trajectory of trypsin-benzamidine recognition process in the coarse-grained framework. We find that benzamidine, starting from the bulk, diffused through the solution and protein surface and eventually identified the The key macro states, as obtained via subsequent lumping of micro states (see methods in SI) are able to recover five important ligand locations around protein: a macro state where The successful venture of exploring unbiased bio-molecular recognition processes in trypsinbenzamidine system using coarse-grained model encouraged us to assess the ability of our strategy in hierarchically more complex protein/ligand system namely L99A T4 Lysozyme/benzene. This system has been the subject of recent computational investigations, albeit in atomistic representations, where multiple pathways of ligand access to the cavity of L99A T4 Lysozyme have been observed. 8, 36, 42, 43 We wanted to explore if the coarse-grained model of this system can recover the multiple pathways. While optimizing the elastic network for L99A T4
Lysozyme, we observed that application of homogeneous network has different effect on dif-ferent domain of the protein. We found that C-terminal domain (Helix4 to Helix9) was becoming more rigid (region where the cavity resides) while N-terminal domain (Helix1 to Helix3) was more flexible (This is true in atomistic simulation as well). Therefore, we fo- While the observations of spontaneous recognition in coarse-grained simulations of trypsinbenzamidine and L99A T4 Lysozyme/benzene are encouraging, we stress that a ready-made protocol based upon automated optimisation of elastic network parameter might not work for all protein-ligand system and local supervision is needed. This is illustrated in the classic case of cytochrome P450/camphor recognition process. 34 We found a brute-force implemen- tation of elastic network model does not reproduce flexibility observed in all-atom models.
Subsequent close-view inspection of substrate-free protein in its elastic network MARTINI model, pointed towards a reduction in the cavity volume above the I helix and the heme because of slight mis-positioning of heme. This was also reflected by the lack of binding even after reaching metastable state for long time coarse-grained simulations. We resolved this issue by introducing additional elastic network around the heme active site, which ensured close agreement in RMSD between all-atom 9 and coarse-grained cytochrome P450 (see Figure 6A -B).
We found that the coarse-grained cytochrome P450, thereby optimized with locally supervised additional elastic networks, is able to recognize the camphor as a substrate efficiently.
As demonstrated in movie S4, camphor eventually finds the crevices between F/G helix of cytochrome P450 in the coarse-grained trajectory and successfully lands on the hemecontaining active site. Figure 4B figure 6D ). More surprisingly both these pathways are already shown to exist based on the simulation studies of available crystal structures. [47] [48] [49] This pathway shows the entry of camphor through the crevices of G/I Helix and B'-Helix.
Again more importantly we see that the simple coarse grained representation of camphor is able to locate the binding pose and the pathways reported earlier in literatures.
Conclusion
In summary, we have demonstrated that coarse-grained simulation with optimised elastic network is a practical way forward for capturing the protein-ligand recognition pathways within affordable computational expense. Via systematic benchmarking of the coarse-grained 13 model against atomistically simulated ligand-free protein's tertiary fold, we have shown that coarse-grained models can potentially live upto the expectation of deciphering underlying mechanism of protein-ligand binding processes. Table 1 provides a quantitative testimony of the simulations that we could afford using coarse-grained model. The number of direct binding trajectories that these coarse-grained models enabled us to explore, from solvent to cavity, is unprecedented in all-atom simulations. The significantly lower computational cost associated with coarse-grained simulation also provides opportunities for better statistics and potential discovery of new, therapeutically relevant recognition pathways. Most importantly, the kinetic on-rate constants as estimated from these coarse-grained simulations comes within reasonable agreement with that of experiment, which eventually provides leverage for exploring metabolite and small molecule recognitions in large-scale biological systems.
This approach being computationally inexpensive, provides a practical way-forward for replacing traditional docking based small molecule discovery by high-throughput coarsegrained simulation for potential binding site and inhibitor discovery. The possibility of exhaustive ligand sampling around protein in coarse-grained model allows one to explore statistically meaningful ligand-binding hotspots, thereby exploring potential allosteric sites, apart from the native binding sites. Towards this end, mixed resolution models 50,51 with protein sites proximal to binding regions modelled with all-atom descriptions and the rest of the system treated by coarse-grained representation holds exciting promises. This opens promising windows for exploring mechanistic pathways of protein-protein association processes using coarse-grained simulation approach. Recent progresses in back mapping from multi resolution coarse-grained models 52 also provide an option for post-facto reconstruction of the atomistically detailed mechanisms of biomolecular recognition processes.
Materials and methods

Atomistic simulations of apo proteins and ligands
Unbiased all-atom MD simulations of ligand-free proteins for all three systems were performed. These atomistic trajectories served as the benchmarks for the optimisation of elastic networks of the coarse-grained models. As shown in figure 1 , we simulated three apo-proteins (namely, Trypsin (PDB id: 1S0Q), L99A T4Lysozyme (PDB id: 3DMV) and cytochrome P450(PDB id: 1PHC)) in their all-atom model. All simulation started with the crystal structure of protein and the simulation box was solvated with water with the protein at the centre. All protein atoms were modelled using charmm36 force field 53 and water was modelled as TIP3P. 54 Each individual system was simulated for 100 ns using leapfrog integrator with a time step of 2 femtosecond. All MD simulations were performed with the Gromacs 2018 simulation package 55 , in most cases benefiting from usage of Graphics processing units (GPU). 56 Similarly, we also performed the all-atom simulations of all the ligands to obtain the benchmark parameters for optimization of coarse-grain ligand models. We obtained the ligands co-ordinated from the bound complex structures of respective systems (namely, Trypsin-benzamidine (PDB id: 3ATL), L99A T4Lysozyme-benzene (PDB id: 3DMX) and cytochrome P450-camphor (PDB id: 2CPP ) and also heme cofactor). The all-atom camphor parameters were obtained from our earlier work 9 and heme were modelled using charmm36 force field. 53 The benzene and benzamidine molecules were modelled using general AMBER force field. 57 The details of the system and simulation protocols are provided in SI text and table S1.
Coarse grained unbiased binding simulation
We first mapped atomistic protein structure to the coarse-grained model using martinize.py script. Subsequently, we employed elastic networks 32 among all backbone atoms of coarse-grained protein 30, 31 with elastic network parameters optimised as described in main text. The ligand molecules were coarse-grained and parameterised where necessary (see SI methods).
All binding simulations were initiated by placing the apo form of coarse-grained protein at the centre of a cubic box with the empty space filled with Martini water and Martini ions, 58 keeping the sodium chloride concentration at 150 mM and rendering the system charge neutral. Multiple copies of coarse-grained ligand molecules were placed in random positions in the solvent. All ligand molecules were allowed to diffuse freely and no artificial bias was introduced throughout the simulation. All MD simulations were performed with the Gromacs 2018 simulation package, 55 together with GPU accelerations and reaction fields, as per Martini recommendations. 59 For an exhaustive quantification of binding pathways and computation of macroscropic binding constants, we undertook the task of building a Markov state model (MSM) 38, 39 for trypsin-benzamidine system The details of the coarse-grained system and simulation protocols are provided in SI text and table S2.
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